Concomitant vancomycin and piperacillin/tazobactam (PT) may be associated with increased acute kidney injury (AKI) compared to vancomycin without PT. Medline, Cochrane, and Scopus were searched through October 2016 using "vancomycin, " "piperacillin, " "tazobactam, " and "AKI, " "acute renal failure, " or "nephrotoxicity. " A registered meta-analysis (PROSPERO: CRD42016041646) with relevant scenarios was performed. Fourteen observational studies totaling 3549 patients were analyzed. Concomitant vancomycin and PT was associated with AKI in unadjusted odds ratio (OR, 3.12 . In addition to higher vancomycin doses, risk factors for vancomycin-associated nephrotoxicity are multifaceted and include increased body weight, extended duration of therapy, history of kidney disease, higher severity of illness, hypotension, elevated trough concentrations, and receipt of concomitant nephrotoxic medications including other antimicrobials [4] [5] [6] [7] . Historically, beta-lactam antibiotics have been independently associated with nephrotoxicity, often characterized by an acute interstitial nephritis [2] . Until recently, the literature on a potential synergistic nephrotoxicity associated with concomitant vancomycin and antipseudomonal beta-lactam therapy (eg, piperacillin/tazobactam [PT]) was limited [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Given the commonality of empirical combination therapy with vancomycin and beta-lactams, the possible potentiation of vancomycin nephrotoxic effects is a clinically valuable question and may represent a modifiable risk factor for vancomycin-associated nephrotoxicity. The purpose of this systematic review and metaanalysis was to determine if concomitant vancomycin and PT is associated with a greater incidence of AKI compared to vancomycin with any other beta-lactam other than PT or as monotherapy.
Acute kidney injury (AKI) may occur in up to 23% of hospitalized patients with an associated mortality of 11%. In the intensive care unit (ICU), AKI rates are increased, with documented incidence of up to 66% and a comparable increase in ICU mortality [1] . Many medications, including antimicrobials such as vancomycin, contribute to the development of AKI [2] . Rates of vancomycin-associated nephrotoxicity may be as high as 34.6% in patients who receive daily doses of >4 g [3] . In addition to higher vancomycin doses, risk factors for vancomycin-associated nephrotoxicity are multifaceted and include increased body weight, extended duration of therapy, history of kidney disease, higher severity of illness, hypotension, elevated trough concentrations, and receipt of concomitant nephrotoxic medications including other antimicrobials [4] [5] [6] [7] .
Historically, beta-lactam antibiotics have been independently associated with nephrotoxicity, often characterized by an acute interstitial nephritis [2] . Until recently, the literature on a potential synergistic nephrotoxicity associated with concomitant vancomycin and antipseudomonal beta-lactam therapy (eg, piperacillin/tazobactam [PT]) was limited [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Given the commonality of empirical combination therapy with vancomycin and beta-lactams, the possible potentiation of vancomycin nephrotoxic effects is a clinically valuable question and may represent a modifiable risk factor for vancomycin-associated nephrotoxicity. The purpose of this systematic review and metaanalysis was to determine if concomitant vancomycin and PT is associated with a greater incidence of AKI compared to vancomycin with any other beta-lactam other than PT or as monotherapy.
MATERIALS AND METHODS

Search Strategy and Selection Criteria
Observational and controlled studies from January 1995 to October 2016 were retrieved from the PubMed, Cochrane Controlled Trial Registry, and Scopus databases. The search performed included the following terms: "piperacillin" and "tazobactam" and "vancomycin" as well as "acute kidney injury" or "acute renal failure" or "nephrotoxicity. " References from the bibliographies of the studies retrieved from the literature search were reviewed to identify additional studies. After studies were selected, their references were reviewed for potential inclusion. Studies written in languages other than English and Chinese and those presented solely as abstracts at scientific conferences were not considered for inclusion in this analysis. 
Study Selection
Two authors (D. A. H., M. N. S.) reviewed all study abstracts. A study was considered eligible for inclusion if the odds ratio (OR) for AKI with PT added to vancomycin therapy could be extracted or determined from available data. When data relevant to this review were unavailable, further details were requested from study authors whenever possible.
Data Extraction, Outcomes, and Data Analyses
Data extracted from the identified studies included clinical setting, AKI definition, inclusion and exclusion criteria, number of study participants, comparator group, age, severity of illness, ICU residence, receipt of concomitant nephrotoxins, length of vancomycin and PT therapies, vancomycin trough concentrations, and patient outcomes, if available. Two authors (D. A. H., M. N. S.), using quality assessment tools from the National Heart, Lung, and Blood Institute, independently assessed study quality as good, fair, or poor [24] . Any discrepancies were discussed between all investigators.
Outcomes
The primary outcome was incidence of AKI among patients who received concomitant vancomycin and PT relative to those who received vancomycin without PT. This outcome was evaluated for all studies for which an OR and an adjusted OR (aOR) could be calculated. Since the definition of AKI could differ across the studies, the definition of AKI used in the primary outcome analysis from each reviewed study was used. No secondary outcomes were examined.
Data Synthesis
Effect size was calculated as an OR and 95% confidence interval (CI) for AKI, comparing patients who received concomitant vancomycin and PT to those who received vancomycin without PT. Pooled estimates of both crude ORs and aORs were calculated. Cochran Q test was used to determine homogeneity of study results. The degree of inconsistency between the studies was assessed using I 2 , which describes the percentage of total variation across studies that is due to heterogeneity rather than sampling error. Because considerable statistical heterogeneity was present among the selected studies (I 2 >75%), the treatment effect was determined by using a random-effects model that used the DerSimonian and Laird method with inverse variance weighting. Both publication and sample size biases were graphically assessed using funnel plots, and statistically significant biases were determined using Egger's test. To assess the potential sources of heterogeneity, subgroup analyses stratified by the following were determined a priori: patients' age: adults aged ≥18 years] vs children aged <18 years; comparator groups: vancomycin alone vs vancomycin with another beta-lactam; study quality: good vs fair or poor; inclusion of critically ill patients: ≥50% of patients with ICU admittance vs <50%; concomitant nephrotoxin use; and declared conflict of interest. The subgroup for concomitant nephrotoxin use was not assessed because concomitant nephrotoxin use was inconsistently reported. The subgroup for declared conflict of interest was not assessed because no authors of the included studies had current declared conflicts of interest with pharmaceutical companies. Data analyses were performed using StataSE 14. For all analyses, P ≤ .05 (2-sided) was considered statistically significant. The systematic review and meta-analysis was registered (PROSPERO: CRD42016041646).
RESULTS
Our literature search identified 307 studies, of which 16 were reviewed and 14 were included in the metaanalysis (Table 1 ) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Two studies were excluded because a comparator group was not used (Figure 1 ) [22, 23] . For 11 studies included in the metaanalysis, an aOR was provided or able to be calculated [8] [9] [10] [11] [12] [13] [14] [15] [17] [18] [19] .
Eleven of the studies included only adult patients [8-15, 17, 18] and 3 included only children [16, 19, 20] . The comparator groups were vancomycin with another beta-lactam in 6 studies [8, 10, [15] [16] [17] [18] , vancomycin with cefepime in 4 studies [11, 12, 14, 19] , vancomycin alone in 3 studies [9, 13, 20] , and vancomycin with cefepime or meropenem in 1 study [21] . When evaluated according to quality of study, 8 were good [8] [9] [10] [11] [12] [13] [14] [15] , 5 were fair [16] [17] [18] [19] [20] , and 1 was poor [21] . There were 4 studies in which >50% of patients received care in an ICU [11, 12, 16, 20] , 7 studies in which this was not the case [8-10, 13, 14, 17, 18] , and 3 studies in which the location of care was not provided [15, 19, 21] .
Primary Unadjusted and Adjusted Analyses
The incidence of AKI with concomitant vancomycin and PT ranged from 11% to 48.8% [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Ten studies [8] [9] [10] [13] [14] [15] [16] [17] [18] [19] used RIFLE (risk, injury, failure, loss of kidney function, endstage renal disease) or pediatric RIFLE classification of AKI as the primary definition [25] , 3 studies [11, 12, 21] used the AKI Network classification [26] , and 1 used a doubling of the serum creatinine or an increase of 0.5 mg/dL [20] .
In the primary analysis of all included studies, concomitant vancomycin and PT was associated with increased AKI (OR 3.12; 95% CI, 2.04-4.78; P < .001) relative to vancomycin regardless of concomitant beta-lactam therapy. The results did not change considerably when the analysis was restricted to studies for which an aOR was provided or calculated (aOR 3.11; 95% CI, 1.77-5.47; P < .001; Figure 2 ). Results from unadjusted and adjusted analyses are provided in Table 2 .
Unadjusted and Adjusted Subgroup Analyses
When only adults were considered, results were similar for unadjusted (OR, 2.71; 95% CI, 1.72-4.27; P < .001) and adjusted (aOR, 3.15; 95% CI, 1.72-5.76; P < .001) analyses. When only children were considered, concomitant vancomycin and PT was associated with increased AKI in the unadjusted analysis (OR, 5.26; 95% CI, 2.71-10.21; P < .001). The adjusted analysis was deferred because only 1 study met evaluation criteria. Concomitant vancomycin and PT was associated with increased AKI in unadjusted and adjusted analyses when the comparator group was vancomycin with another beta-lactam (OR, 3.60; 95% CI, 2.28-5.68; P < .001 and aOR, 3.31; 95% CI, 2.13-5.12; P < .001) and vancomycin with cefepime (OR, 2.63; 95% CI, 1.62-4.28; P < .001 and aOR, 3.78; 95% CI, 2.48-5.78; P < .001). Concomitant vancomycin and PT was associated with increased AKI in an unadjusted analysis when the comparator group was vancomycin with cefepime or meropenem (OR, 7.14; 95% CI, 1.54-33.15; P = .012); an unadjusted analysis could not be performed. However, concomitant vancomycin and PT did not differ in AKI incidence compared to vancomycin alone in unadjusted or adjusted analyses (OR, 3.16; 95% CI, 0.67-14.91; P = .146 and aOR, 2.50; 95% CI, 0.41-15.44; P = .323).
When AKI incidence was evaluated in studies with a quality rating of good, concomitant vancomycin and PT was associated with increased AKI in unadjusted and adjusted analyses (OR, 2.44; 95% CI, 1.45-4.09; P = .001 and aOR, 2.97; 95% CI, 1.53-5.76; P = .001). When only studies with a quality rating of fair or poor were considered, concomitant vancomycin and PT was still associated with increased AKI in unadjusted and adjusted analyses (OR, 4.98; 95% CI, 3.32-7.46; P < .001 and aOR, 3.53; 95% CI, 1.76-7.06; P < .001).
Concomitant vancomycin and PT was associated with increased AKI in unadjusted but not adjusted analyses when evaluated in studies in which at least 50% of patients received care in an ICU (OR, 3.83; 95% CI, 1.67-8.78; P = .002 and aOR, 2.83; 95% CI, 0.74-10.85; P = .128) and in unadjusted and adjusted analyses in studies in which fewer than 50% of patients received care in an ICU (OR, 2.44; 95% CI, 1.40-4.27; P = .002 and aOR, 3.04; 95% CI, 1.49-6.22; P = .002). The adjusted effect estimates for each study were plotted against the standard error for each effect size, as depicted in Figure 3 . Significant heterogeneity was observed. Seven of the 11 studies fell outside of the pseudo 95% CI. When the study that used sampling with repeated measures was removed, all 10 studies fell within the pseudo 95% CI (Figure 4 ).
DISCUSSION
Vancomycin is prescribed frequently for inappropriate indications, especially community-acquired infections [27] . Similarly, antipseudomonal beta-lactam therapy, often PT, is overused in healthcare-associated infections because of the lack of use or understanding of identified risk factors for multidrug-resistant gram-negative microorganisms [28] . The risks and benefits must be assessed when selecting appropriate empirical antibiotic therapy and minimizing unnecessary or extended durations of broad-spectrum antibiotics. When adverse effects from individual or combinations of medications are unknown or underappreciated, it is challenging to assess the true risks and benefits. This unknown or underappreciated potential risk is especially true with nephrotoxicity and concomitant vancomycin and PT. The findings from this systematic review and metaanalysis suggest that concomitant vancomycin and PT is associated with a greater incidence of AKI compared to vancomycin without PT. This relationship existed in unadjusted and adjusted analyses before subgroups were evaluated and persisted when the analyses were restricted to all available comparator groups other than studies in which at least 50% of patients received care in an ICU in the adjusted analysis and studies in which the comparator group was vancomycin alone in the unadjusted and adjusted analyses.
The mechanism(s) by which vancomycin may cause renal injury is not well understood. Accumulation of vancomycin in the proximal renal tubule may lead to acute tubular necrosis and glomerular destruction [29, 30] . Because semisynthetic penicillins, such as piperacillin, demonstrate high concentrations throughout the nephron, their likely mechanism of nephrotoxicity is acute interstitial nephritis [31] . Antipseudomonal beta-lactams, including cefepime and carbapenems, may cause nephrotoxicity through similar mechanisms as with piperacillin [32, 33] . It is believed that there is an additive effect from acute interstitial nephritis and direct cellular necrosis when a beta-lactam and vancomycin are used concomitantly [4] , though the effect may not depend on serum vancomycin concentrations [14] .
The incidence of AKI with concomitant vancomycin and PT was greatly dependent on the population evaluated. The highest incidences of AKI were observed in studies in which at least 50% of patients received care in an ICU, which is unsurprising because this population has an increased baseline risk of AKI, independent of vancomycin and PT exposure [34] . While this suggests that concomitant vancomycin and PT may not be responsible for all of the observed AKI, concomitant therapy remained independently associated with higher odds of AKI in unadjusted results and may augment the risk of AKI in this population. Because the adjusted analysis did not find a difference in AKI in this subgroup, further evaluation of AKI should be performed and incorporate the use of other nephrotoxins to improve the sensitivity of these analyses.
Concomitant vancomycin and PT was associated with AKI in the pediatric population in an unadjusted analysis. Pediatric patients may be less susceptible to developing AKI from vancomycin because target trough concentrations generally are lower in pediatric patients than in adults and pediatric patients frequently have fewer disease states that predispose them to developing nephrotoxicity [35] . Higher vancomycin trough concentrations did not impact AKI when PT was used concomitantly in adults [14] ; however, this phenomenon has not been evaluated in pediatric patients. Because only 2 studies were assessed and an adjusted analysis was deferred, further evaluation in this patient population is warranted.
Surprisingly, when concomitant vancomycin and PT was compared with vancomycin alone, there was no difference in AKI in the pooled adjusted findings. Even though a random effect model was performed to account for heterogeneity within the studies, there may be inherent differences between patient populations whose infection was managed with vancomycin alone compared with those who received vancomycin and PT that were not assessed in the 3 studies that informed this analysis [9, 13, 20] . Given the small number of patients in the pooled analysis, very wide CI, and incongruence with results when a non-PT beta-lactam was used concomitantly with vancomycin, this finding may be spurious and the result of a type 2 error.
There are several limitations that should be considered when interpreting these results. Most importantly, all of the studies were performed retrospectively and in an observational manner, which removed our ability to establish a causal relationship between concomitant vancomycin and PT and AKI. At this time, our findings suggest that concomitant vancomycin and PT is associated with AKI compared with vancomycin with another beta-lactam antibiotic in select populations.
Important variables that would have allowed for a more complete assessment of AKI were not provided in many of the studies. The duration of vancomycin exposure was unavailable for 6 studies [8, 12-14, 16, 21] . This relationship is well documented [14, 25, 35, 36] , and evaluating this variable would have improved confidence in the results. Additionally, the duration and concomitant use of specific nephrotoxic medications were not provided for 5 studies [9-11, 18, 19] , which are important considerations. Reducing duration of vancomycin and PT and avoiding concomitant nephrotoxins require further investigation and may reduce the risk of AKI. Six studies included hypotension as a risk factor for AKI [10, 12, 14, 18, 19, 21] , and 10 studies included intravenous contrast dye [10-15, 17-19, 21] . These may have affected the rate of AKI in these studies as well. Finally, although the use of extended-duration or traditional-duration infusions of PT were not described in every study, this may not be a variable that affects AKI [37] .
There was significant heterogeneity between studies, as evidenced by the I 2 value of 78.1% in the overall adjusted analysis.
A random effects model was used to reduce the impact of this variability, which was most pronounced in the inclusion and exclusion criteria, concomitant antibiotics and nephrotoxins, and definitions for AKI. Because not all studies used a conservative definition of AKI or the vancomycin-associated nephrotoxicity definition from the vancomycin therapeutic guidelines [38] , the true incidence of AKI may have been underreported for some studies. Additionally, some studies did not describe which, if any, concomitant antibiotics were given in conjunction with vancomycin [8, 10, [15] [16] [17] [18] , particularly aminoglycosides. The effects of these unreported concomitant antibiotics were not quantifiable. Finally, multiple desired secondary outcomes, such as mortality, length of stay, and the use of renal replacement therapy, could not be evaluated because they were not reported in most studies. AKI development is a meaningful outcome, which has been associated with a more than 4-fold increase in mortality for hospitalized patients [1] . Outcomes from AKI caused by concomitant vancomycin and PT, including progression to chronic kidney disease and need for renal replacement therapy, are desirable outcomes for evaluation in future studies.
In conclusion, concomitant vancomycin and PT appears to be associated with a greater incidence of AKI compared to vancomycin without PT. This relationship did not exist when an adjusted analysis was restricted to studies in which at least 50% of patients received care in an ICU. These results may allow for a better informed evaluation of the risks associated with concomitant vancomycin and PT and serve as the impetus for further evaluation into the true mechanisms behind this additive nephrotoxic effect and its potential implications on mortality. Currently, clinicians should recognize and monitor patients for the increased risk of nephrotoxicity and incorporate that consideration into selection of beta-lactam therapy in conjunction with other patient characteristics.
